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ABSTRACT		

Pseudoisocytosine (J), a neutral analogue of protonated cytosine, is currently the gold standard 

modified nucleobase in peptide nucleic acids (PNA) for formation of J•G-C triplets stable at 

physiological pH. The present study shows that triple helical recognition of RNA and DNA may be 

significantly improved by using 2-aminopyridine (M) instead of J. The positively charged M forms 

three-fold stronger M+•G-C triplets than J with uncompromised sequence selectivity. Replacement of 

six Js with Ms in a PNA 9-mer increased its binding affinity by about two orders of magnitude. M-

modified PNAs prefer binding double-stranded RNA over DNA and disfavor off-target binding to 

single-stranded nucleic acids. Taken together, the results show that M is a promising modified 

nucleobase that significantly improves triplex-forming PNAs and may provide breakthrough 

developments for therapeutic and biotechnology applications. 



INTRODUCTION 

Peptide nucleic acid (PNA) is an artificial biopolymer that combines DNA nucleobases with a 

neutral and achiral protein-like backbone (Figure 1).1 PNA was originally designed as a DNA mimic to 

improve the properties of triplex-forming oligonucleotides,1, 2 Because of the lack of electrostatic 

repulsion between the neutral amide backbone and the negatively charged phosphates, PNA was 

expected to have superior binding to double-stranded DNA (dsDNA) than negatively charged triplex-

forming oligonucleotides.1, 2 However, unfavorable cytosine protonation (due to pKa ~4.5) to form the 

C+•G-C Hoogsteen triplet (Figure 1) prevented triplex formation at physiological pH. To overcome this 

limitation, pseudoisocytosine (J), a neutral analogue of protonated cytosine,3, 4 was introduced in 

PNA.5 J is currently the gold standard modification for development of triplex-forming PNAs as probes 

and therapeutics.6-10 Herein, we report that 2-aminopyridine (M, pKa ~6.711), a cationic analogue of 

protonated cytosine,12 is superior to neutral J as a modified nucleobase in PNAs and significantly 

improves the triple-helical recognition of dsRNA and dsDNA. 

	

Figure 1. Structures of DNA, PNA and Hoogsteen hydrogen-bonded base triplets. 

PNA is a remarkable nucleic acid analogue that binds single-stranded DNA and RNA (ssDNA 

and ssRNA) with very high affinity and sequence selectivity.13, 14 These favorable binding properties 

have made PNA the ligand of choice in broad research and diagnostic applications that detect DNA 

and RNA using Watson-Crick hybridization, such as, molecular beacons for RT-PCR or fluorescence 

in situ hybridization (FISH) probes.15, 16 Due to the high affinity, PNA is capable of displacing 

pyrimidine rich strands of dsDNA to form a 2:1 PNA-DNA strand-invasion triplex with the purine rich 

strand.1 In the strand-invasion triplex, one PNA molecule forms Watson-Crick duplex while the second 

PNA molecule  forms Hoogsteen triplex with the purine rich DNA strand, which collectively displaces 

the pyrimidine rich strand of DNA as a single-stranded P-loop.1 This remarkable binding mode 

enabled development of tail-clamp PNAs,17 capable of opening genomic dsDNA through invasion, 
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which has been proposed as a novel gene editing therapeutic approach.6-8 However, despite the 

impressive molecular recognition properties and success as in vitro probes and diagnostics, to the 

best of our knowledge, PNA has not yet entered in vivo applications or clinical trials.18, 19 The main 

problems are related to poor cellular uptake and unfavorable pharmacokinetics.20-22 Hence, 

development of novel chemical modifications that improve both nucleic acid binding as well as ability 

to reach the targets in biological systems (e.g., cellular uptake and pharmacokinetics) are critical for 

closing the gap between PNA and in vivo applications, including drug development. Our present study 

suggests that 2-aminopyridine nucleobase may be one of such modifications that will help realize 

PNA’s clinical potential. 

2-Aminopyridine (M) and its derivatives were originally developed as modified nucleobases in 

triplex-forming oligonucleotides to improve their binding affinity at neutral pH.23-26 In our pursuit of 

triple-helical recognition of dsRNA, we found that M-modified PNAs had high affinity and sequence 

selectivity for dsRNA at physiological pH and salt conditions.12, 27, 28 Moreover, M-modified PNAs 

showed improved cellular uptake,27, 28 which suggested that M-modification of PNA might contribute to 

solving two long-standing challenges for in vivo applications of PNAs – low stability of triplexes and 

poor cellular uptake in biological systems. In these early studies, we also noted that a J-modified PNA 

had weaker binding to a dsRNA than an M-modified PNA.12 While this was surprising as J-

modification was well established and widely used for recognition of G-C through triplex formation, 

this very preliminary observation was not followed up until the present study. Herein, we compared 

binding affinity and sequence selectivity of several M- and J-modified PNAs designed to target dsRNA 

and dsDNA by triplex formation, as well as ssRNA and ssDNA by duplex and tail-clamp formation. In 

all cases M-modified PNAs had significantly higher on-target affinity than J-modified PNAs. Despite 

the cationic nature, M-modified PNAs retained high sequence selectivity. We propose that using M 

instead of J will provide significant improvement of PNAs ability to enter triplex-binding modes 

including the stand invasion and tail-clamp formation, which will be critical in the development of 

improved PNAs as probes and therapeutics. 

  



MATERIALS AND METHODS 

PNA synthesis, purification and analysis 

PNA synthesis used commercial Fmoc-protected PNA monomers for A,T,C, and G purchased from 

Link Technologies (part of LGC Genomics Ltd, UK). M monomer12 and J monomer5, 29 were 

synthesized using previously reported literature procedures. Solid-phase synthesis of PNA was done 

on an Expedite 8909 synthesizer at 2 µmol scale using NovaSyn TG Sieber resin (Novabiochem) as 

previously reported by our group.30 PNAs were cleaved from the solid support using 0.6 mL of 20% 

m-cresol in TFA for 2.0 h using two-syringe pull-push method.30 The cleavage cocktail was distributed 

into three Eppendorf tubes and precipitated by the addition of chilled diethyl ether (~1.0 mL) followed 

by the centrifugation (15000 rpm). The crude PNA was dissolved in purified water (~1.0 mL) and 

analyzed using a Shimadzu LCMS 2020 single quadrupole instrument. For LC conditions and 

analytical traces of crude PNA synthesis mixtures, see Supplemental Information (Figures S1-S12). 

Crude synthetic PNAs were purified using reverse phase HPLC and a gradient of acetonitrile (MeCN) 

in water containing 0.1% formic acid as a mobile phase modifier. The purity and identity of the final 

products were confirmed by LCMS (for details, see Table S1 and Figures S1-S12). Pure PNAs were 

quantified by dissolving in 1.0 mL purified water, and measuring absorbance at 260 nm. For 

commercially available monomers, extinction coefficients from the manufacturer were used. An 

extinction coefficient of 2800 M-1cm-1 was used for J and a coefficient of 806 M-1cm-1 was used for M. 

The PNA solution was lyophilized and the solid diluted with purified water to give a stock solution of 

0.24 mM. 

DNA and RNA oligonucleotides 

DNA oligonucleotides were purchased from Eurofin, checked for purity by HPLC, quantified by 

absorbance at 260 nm, and used without further purification. RNA oligonucleotides were purchased 

from Dharmacon. Prior to use, RNA oligonucleotides were deproteced in accordance with 

manufacturer instructions and purified using reverse phase HPLC and a gradient of MeCN in 50 mM 

aqueous triethylammonium acetate buffer. The purity of the final products was confirmed by 

reinjection in HPLC. 

Isothermal titration calorimetry (ITC) 

ITC experiments were done on a MicroCal iTC200 instrument at 25 °C in 50 mM potassium 

phosphate buffer (pH 7.4) containing 2 mM MgCl2, 90 mM KCl, 10 mM NaCl. In a typical experiment 

2.45 µL aliquots of PNA solution were sequentially injected from a 40 µL rotating syringe (750 rmp) 

into 200 µL of RNA or DNA hairpin solution. In the case of tail-clamp PNAs (PNA10-PNA12), we used 

reverse titrations of DNA into PNA to conserve PNA. The specific cell and syringe concentrations 

employed in different experiments are given in Supplemental Information (Figures S13-S34). Results 

were analyzed using MicroCal PEAQ-ITC software (Figure S35 and Tables S2-S5, S10, and S15). 



UV-melting	experiments 

UV-melting experiments were performed on Shimadzu UV-2600 or UV-1800 spectrophotometers 

equipped with TMSPC-8 temperature controllers. A temperature ramp rate of 0.5 °C was used in all 

cases. Absorbance was monitored at 300 nm for triplex formation involving M-modified PNAs (18 µM), 

270 nm for triplex formation involving PNAs containing only J and T nucleobases (18 µM), 260 nm for 

duplex-forming PNAs (2.5 µM), and 280 nm for tail-clamp-forming PNAs (2.5 µM). Experiments were 

performed in the ITC buffer containing 50 mM potassium phosphate, 2 mM MgCl2, 90 mM KCl, 10 mM 

NaCl at pH 7.4. Solutions were prepared as follows. Oligonucleotide was dissolved in buffer, 

vortexed, centrifuged, and heated to 95°C for 3-5 minutes. The solution was cooled to 4° C and kept 

at that temperature for an additional 3-5 minutes. PNA was then added to the sample and the mixture 

was vortexed and centrifuged again. Solutions were prepared to a final volume of 230 µL which was 

distributed evenly between two cells in an eight cell cuvette.  Samples were then analyzed through 

the heating-cooling cycle three times, typically from 20°C to 95°C. Typical melting curves are shown 

in Figures S36-S41; the experimental results are listed in Tables S6-S9, S11-S14, and S16. Five of 

the replicates were then used to determine average and standard deviation in melting temperature 

(Tm). 

  



RESULTS 

M forms three-fold stronger triplets with G-C than J 

We started our study by comparing the stability and sequence selectivity of triplex-forming M- 

and J-modified PNA 9-mers using isothermal titration calorimetry (ITC) in a hairpin model system 

(Figure 2). In the present study, we replaced the closing U4 tetraloop in hairpins used in our earlier 

studies12, 27, 28 with the unusually stable C(UUCG)G tetraloop31 in HRP1-HRP4, which improved the 

overall quality of ITC data most likely, by rigidifying the RNA hairpins. M-modified PNA1 and PNA2, 

having either M or T nucleobase at the variable position (magenta in Figure 2) had high binding 

affinity and sequence selectivity for the matched HRP1 and HRP2, respectively (Table 1). The M-

modified PNAs had unusually high affinity for dsRNA as binding affinity of PNA1 and PNA2 for the 

matched DNA hairpins (Table 1, rightmost column) was 41- and 13-fold lower, respectively, and 

similar to the stability of mismatched PNA-dsRNA triplexes. Higher affinity of PNA for dsRNA was 

consistent with our earlier studies12, 27, 28, 32 and those by Nielsen and co-workers who reported33 that 

PNA sequences longer than 9-mers were required to form stable PNA-dsDNA triplexes. These results 

showed that M-modified PNAs were excellent triplex-forming ligands for recognition of dsRNA. 

 

Figure 2. Structures of the RNA hairpins and PNAs to study the affinity and sequence selectivity of 

triplex formation. 

In contrast, the affinity of PNA3, built of J and T nucleobases only, was difficult to measure by 

ITC under the experimental conditions of Table 1 because of low signal strength (due to modest 

binding enthalpy) and weak binding. When the concentration of hairpins in ITC experiments was 

increased four-fold to 40 µM, we were able to measure Ka ~0.4 µM-1 for PNA3-HRP1 and ~0.1 µM-1 

for PNA3-dsDNA. While the accuracy of these numbers is limited, affinity of PNA1 was about two 

orders of magnitude higher than that of PNA3, suggesting that M formed significantly stronger triplets 

with G-C than J. This conclusion was confirmed when the J nucleobase was placed only at the 

variable position. The binding affinity of PNA4 was reduced three-fold compared to PNA1 having M at 

the same position (c.f., Ka 33 and 11 µM-1 in Table 1). 
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Table 1. Binding affinity and sequence selectivity of PNAs by ITC and UV thermal melting. 

PNA/dsRNA Affinity a HRP1 HRP2 HRP3 HRP4 dsDNA 

PNA1 (M) Ka × 106 M-1 33 ± 1 1.3 ± 0.1 1.3 ± 0.1 1.2 ± 0.1 0.8 ± 0.1 b 

Tm °C 66.5 ± 0.7 36.3 ± 0.4 36.8 ± 0.4 32.6 ± 0.4 35.0 ± 0.3 b 

PNA2 (T) Ka × 106 M-1 1.9 ± 0.1 12 ± 1 0.9 ± 0.1 0.4 ± 0.1 0.9 ± 0.1 c 

Tm °C 46.4 ± 0.5 69.6 ± 0.8 35.4 ± 0.4 34.6 ± 0.2 29.4 ± 0.4 c 

PNA4 (J) Ka × 106 M-1 11 ± 1 1.6 ± 0.4 0.9 ± 0.1 0.4 ± 0.1 0.2 ± 0.1 b 

Tm °C 60.7 ± 0.6 43.8 ± 0.6 39.1 ± 0.3 35.7 ± 0.5 29.7 ± 0.3 b 
a Association constants, Ka × 106 M-1, average of three experiments ± stand. dev., for binding of PNAs 

to the respective hairpins in 50 mM potassium phosphate buffer (pH 7.4) containing 2 mM MgCl2, 90 

mM KCl, 10 mM NaCl at 25 °C. UV thermal melting temperatures, Tm °C, average of five experiments 

± stand. dev. measured at 300 nm and 18 µM of each dsRNA (or dsDNA) and PNA in the ITC buffer as 

above. b dsDNA of the same sequence as HRP1. c dsDNA of the same sequence as HRP2.  

The binding affinity and sequence selectivity of PNA4 was similar to that of PNA2 suggesting 

that J•G-C and T•A-U formed equally stable triplets. This was not surprising as both triplets are 

stabilized by two similar Hoogsteen hydrogen bonds (Figure 1). The high affinity of M+•G-C triplet 

compared to either T•A-U or J•G-C triplets was both surprising and remarkable, because our recent 

structural studies suggested that while the positively charged N-H of M formed a strong hydrogen 

bond with G-C, the hydrogen bonding from the exocyclic -NH2 of M was relatively weak.34 

UV thermal melting confirms the ITC results 

UV melting was done at 300 nm where the M heterocycle has unique absorbency, which 

specifically reports triplex melting with little interference from conformational transitions of native RNA 

or DNA. Overall, the melting temperature (Tm) values (Table 1) were consistent with Kas obtained 

using ITC. While the matched triplexes had Tms in the 60-70 °C range, most of the mismatched 

triplexes melted in the 29-37 °C range. Notable exceptions were PNA2-HRP1 and PNA4-HRP2 

triplexes that had higher than expected Tms, ~46 and ~44 °C, respectively. However, these were not 

out of line with somewhat higher Kas obtained using ITC. It should be noted that ITC and UV melting 

report on stability of triplexes at different temperatures (25 °C and Tm, respectively). Due to potential 

differences in dependency of triplex-formation thermodynamics on temperature, these methods do not 

have to provide the same affinity values.35 The generally good correlation between Kas and Tms 

confirmed our conclusion that M was superior to J for recognition of G-C base pair. 

Given the low affinity of PNA3, we increased the length and decreased the M/J ratio in 

another attempt to directly compare M and J using PNA5 and PNA6 (Figure 3a). The M-modified 

PNA5 showed the expected high binding affinity for HRP5r (Ka 28 ± 1 µM-1) that was reduced ten-fold 

for the DNA target HRP5d (Ka 2.7 ± 0.6 µM-1). Interestingly, the binding affinity of 13-mer PNA5 



having six Ms was similar to that of 9-mer PNA1 also having six Ms, which emphasized the 

importance of the positively charged M for driving the stability of triplexes. In contrast, the J-modified 

PNA6 produced complex ITC traces showing binding stoichiometry higher than one equivalent of 

PNA binding to either RNA or DNA target. We were not able to analyze binding of PNA6 using the 

same 1:1 model as used for PNA5, which suggested that PNA6 might be binding to RNA and DNA 

hairpins using a more complex mode than triplex, possibly involving strand invasion. 

 

Figure 3. RNA, DNA, and PNA sequences to compare J and M in triplex (a) and duplex (b) contexts. 

Table 2. Stability (Tm °C) of M- and J-modified duplexes. a 

ssRNAN (X) PNA7 (C) PNA8 (M) PNA9 (J) 

ssRNA1 (G) 73.2 ± 0.5 59.1 ± 0.7 72.2 ± 0.6 

ssRNA2 (A) 57.8 ± 0.4 55.4 ± 0.3 57.4 ± 0.5 

ssRNA3 (C) 56.4 ± 0.4 56.8 ± 0.6 58.0 ± 0.4 

ssRNA4 (U) 56.8 ± 0.3 55.8 ± 0.6 58.5 ± 0.5 

ssDNAN (X) PNA7 (C) PNA8 (M) PNA9 (J) 

ssDNA1 (G) 66.0 ± 0.7 45.3 ± 0.2 66.3 ± 0.5 

ssDNA2 (A) 45.6 ± 0.5 41.5 ± 0.6 45.9 ± 0.4 

ssDNA3 (C) 44.5 ± 0.3 46.5 ± 0.4 48.9 ± 0.3 

ssDNA4 (T) 47.4 ± 0.3 45.6 ± 0.4 49.7 ± 0.2 
a Tm °C, average of five experiments ± stand. dev. measured at 260 nm and 2.5 µM of each ssRNAN 

or ssDNAN and PNA in the ITC buffer as in Table 1.  

M disfavors Watson-Crick pairing with native nucleobases 

In strand invasion, PNA forms Watson-Crick base pairs with one strand of duplex displacing 

the other as a P-loop. To evaluate their ability to form Watson-Crick like base pairs, we placed M and 
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J in the middle of a 14-mer PNA designed to form a duplex with complementary ssRNA or ssDNA 

(Figure 3b). PNA7 having C at the variable position formed the expected stable matched duplexes 

with ssRNA1 and ssDNA1 (Table 2). The lower stability of duplexes involving PNA8 suggested that M 

did not form stable Watson-Crick base pairs with any of the natural nucleobases. In contrast, PNA9 

having J at the variable position showed similar binding properties as PNA7. Previous studies have 

indicated that due to tautomeric forms, J may form stable J-G base pairs (Figure 4a).36 We propose 

that M disfavors Watson-Crick pairing with G because it forms only two hydrogen bonds in the 

unprotonated state and has repulsive interactions when protonated (Figure 4a). 

 

Figure 4. Comparison of J and M Watson-Crick base pairing (a) and in tail-clamp PNA (b); the three o 

in tail-clamps denote three 2-(2-aminoethoxy)ethoxy acetic acid spacers. Asterisks indicate two-tailed 

P values: ** denotes P ≤ 0.01, and *** denotes P ≤  0.001, as calculated using Student’s t-test. 

M	improves	tail-clamp	PNA	binding	affinity 

Finally, we compared M and J in the context of a tail-clamp PNA (Figure 4b) reported to target 

the F508del mutation in the cystic fibrosis transmembrane conductance regulator gene.8 As expected, 

PNA10  formed a stable duplex with ssDNA5. Adding the J-clamp in PNA11 had small effect on Ka by 

ITC, but increased the Tm in UV melting (Figure 4b). The M-clamp in PNA12 provided both higher Tm 

and a statistically significant improvement in Ka. Compared to other PNAs studied, such as PNA1 vs 

PNA3, the increase in stability comparing PNA11 and PNA12 was relatively modest, which was not 

entirely unexpected as there were only three Js changed for Ms. 
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DISCUSSION 

As a DNA mimic designed to recognize other nucleic acids, PNA has remarkably favorable 

biophysical properties – high binding affinity, excellent sequence selectivity, and complete resistance 

to degradation by nucleases or proteases. Since it’s inception in 1991,1 PNA has become a staple 

component of many assays and diagnostics.15, 16 However, compared to other nucleic acid 

derivatives,18, 19 PNA based therapeutics have been remarkably difficult to move to clinical trials. 

While the reasons behind this lag may be many and complex, unfavorable cellular uptake and 

pharmacokinetics appear to be the most apparent bottlenecks.20-22 There is an obvious need for novel 

chemical modifications that would address the remaining problems for in vivo applications of PNA 

while maintaining and improving its favorable nucleic acid binding properties. From this perspective, 

our previous preliminary observations that M-modified PNAs showed enhanced cellular uptake27, 28 

are especially encouraging. The uptake was directly proportional to the number of Ms – longer and 

more M rich PNAs were taken up more efficiently.28 Our present study compares M-modified triplex-

forming PNAs to the current gold standard J-modified PNAs demonstrating that M-modified PNAs 

have superior binding affinity and on-target selectivity. We propose that using M instead of J will allow 

cleaner and stronger triplex-formation improving PNA’s properties as a probe and diagnostic tool and 

may help to break the barriers for PNA entering clinical applications. 

Pseudoisocytosine or J nucleobase (Figure 1) is a neutral analogue of protonated cytosine,3, 4 

which was introduced in PNA in 1995.5 Using J instead of C alleviated the problem of unfavorable 

cytosine protonation (pKa ~4.5), required to form the C+•G-C Hoogsteen triplet, and enabled triplex 

formation at physiological pH. While J has been widely accepted as the gold standard PNA 

modification, we12 and others37-39 have noted that the binding affinity and on-target specificity of J may 

be further improved. Nielsen and co-workers37 reported that 1,8-naphthyridin-2,7-(1,8H)-dione 

showed improved binding to G-C base pairs at pH 7 compared to J; however, this observation was 

not followed up with more detailed studies. Chen and co-workers reported that 4-thio-

pseudoisocytosine (L in Figure 1) formed a more stable L•G-C Hoogsteen triplet than J, which was 

proposed to be due to enhanced van der Waals contacts, base stacking, hydrogen bonding, and 

reduced dehydration energy.38 A PNA 8-mer having three Js replaced with Ls had ~4-fold higher 

binding affinity than the parent J-modified PNA.38 For comparison, replacement of six Js with Ms in a 

PNA 9-mer in the present study increased the PNA’s binding affinity by ~100-fold. Later the same 

group reported that simple guanidinium groups used as nucleobase surrogates showed similar 

binding to L when placed as isolated modifications; however, consecutive guanidinium nucleobases 

were not tolerated.39 Not unexpectedly, the cationic guanidinium nucleobases improved cellular 

uptake of the modified PNAs as judged by fluorescence microscopy.39 In contrast to guanidinium 

nucleobases, we have used three28, 40, 41 and even four27 consecutive M modifications without any 

negative effect on binding affinity or selectivity.  

Our current study shows that M by far outperforms J as a modified nucleobase to recognize 

G-C base pairs in triplex-forming PNAs. The stronger binding of M-modified PNAs compared to J-

modified PNAs was driven by large favorable enthalpy (c.f., DH of PNA1 in Table S2 with DH of PNA3 



in Table S4). Because of low affinity and enthalpy (weak ITC signal) of fully J-modified PNA, 

comparison of J and M was done in a model system of 9-mer M-modified PNAs containing an internal 

variable site each with a different nucleobase, M, T, and J in PNA1, PNA2 and PNA4, respectively. In 

this system (Table 1), M formed about 3-fold stronger M+•G-C triplet than J while retaining high 

sequence selectivity. Most remarkably, replacement of six Js with Ms increased the binding affinity of 

all M-modified PNA1 ~100-fold compared to the all J-modified PNA3. The stabilities and selectivities 

of J•G-C and T•A-U triplets were similar as expected from similar hydrogen bonding schemes. The 

superior affinity of M was due to the partial positive charge (pKa ~6.711) resulting in strong, enthalpy-

driven binding. 

Consistent with our earlier studies12, 27, 28, 32, PNA forms more stable triplexes with dsRNAs 

than with dsDNAs. Our recent structural studies34 suggest that this is driven by a hydrogen bonding 

between the amide N-H of PNA backbone and non-bridging phosphate oxygens, which is favored by 

their matching distances in RNA, but disfavored by mismatching distances in DNA. Our current results 

suggest that the positively charged M may have additional preference for binding RNA over DNA. 

Interestingly, the difference between stability of PNA-dsRNA and PNA-dsDNA triplexes decreases 

with decreasing M/T ratio in the series of PNA1 (6:3, 41-fold), PNA2 (5:4, 13-fold) and PNA5 (6:7, 10-

fold). A potential explanation may be that the positively charged M-modified PNAs have more 

favorable electrostatic attraction (larger kon) for the narrower major groove of RNA (aligned with 

negatively charged phosphates) than for the wider major groove of dsDNA. Another advantage of M is 

its weak ability for Watson-Crick base-pairing. This is important for future applications in biological 

systems where M-modified PNAs will have stronger preference for binding to target dsRNA or dsDNA 

and less off-target binding to ssRNA or ssDNA.  

There has been little follow up after the pioneering studies of M in triplex-forming DNA 

oligonucleotides.42, 43 The reasons may be related to less than desired gains in stability of DNA 

triplexes or complicated synthesis of C-nucleosides.26, 42, 43 In contrast, M has been an excellent and 

relatively easy to prepare modification of triplex-forming PNAs. Our present results conclusively affirm 

that M is a superior modified nucleobase for triplex-forming PNAs that will improve binding affinity and 

selectivity in broad range of applications that currently use J to form stable triplets with G-C base pairs 

at physiologically relevant conditions. Collectively, our present and earlier studies12, 27, 28 demonstrate 

that M is a unique nucleobase that combines excellent RNA binding properties with improved cellular 

uptake, which will improve modified PNAs as research and diagnostic tools as well as potential 

therapeutic agents. To that end we and others have already used M-modified triplex-forming PNAs to 

inhibit translation of mRNA41 and maturation of pre-miRNA,44 for detection of A-to-I editing,40 and to 

drive dsRNA-specific templated reactions.45 In this context, our present study demonstrates that using 

M instead of J will provide significant improvement of PNAs performance in applications requiring 

triple-helical recognition of complex folded RNA and DNA. 
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